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Abstract  
This paper deals with the monitoring of laser consolidation process of ferrous based metal powder with high speed 
video camera. The melting process and solidifying process of metallic powder are observed in order to clarify the 
consolidation mechanism. The influences of layer thickness of the deposited powder on consolidation characteristics 
are investigated. Laser beam used is Yb:fiber laser with a spot diameter of 45 μm and a maximum powder of 40 W.  
A recording speed of high speed video camera is 10,000 fps. As a result, the aspect of consolidation process on 
powdered surface during laser beam irradiation was visualized. 
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1. Introduction 
Various types of layered manufacturing techniques have been proposed since Kodama first presented a 
new method for fabricating three-dimensional plastic models[1]. This technique later on become a 
common technology to produce the products with a variety of components, such as polymer, ceramic and 
metal powder[2]. The development of three-dimensional CAD system also contributed to the commercial 
uses of the layered manufacturing techniques. Selective laser sintering enables the manufacturing of 
three-dimensional models from the powdered material by selectively heating and fusing of powder 
particle using a laser beam irradiation. One of the advantages is the flexibility in the materials used. 
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Table 1. Specification of metal powder 
 
  Material   Alloy steel, Copper phosphorous alloy,  Nickel 
  Shape   Irregular 
  Particle mean diameter  [ μm ]   25 
  Bulk density  [ kg/m3 ]   4200  
 
Nowadays, many kinds of plastic, ceramic, bronze and ferrous powders are commercially available[3]. 
Metallic powders are especially suitable for selective laser sintering and selective laser melting because 
the structures obtained are strong enough for practical use[4]. Metallic powder consolidation is classified 
into several types of mechanisms, that is, solid state sintering, liquid phase sintering, full melting and 
chemical induced binding[5]. These types are mainly influenced by the energy density on area irradiated 
by the laser beam and also material used in the consolidation process. When the supplied energy to the 
powdered surface is insufficient, the powder is consolidated below the melting point, and necks between 
adjacent powders occur[6]. This phenomenon is defined as Solid State Sintering and post-processing of 
the consolidated structure is needed. When the laser energy supplied to the powder increases, the melting 
of powder surface occurs, which is defined as Liquid Phase Sintering[7]. Further increase of laser density 
fully melts the metal powder[8]. 
In order to clarify the consolidation phenomena in layered manufacturing techniques, it is 
indispensable to visualize the laser irradiated area during the powder consolidation. Many types of 
methods have been proposed to monitor the laser irradiated area. Park et al.[9] monitored the CO2 laser 
welding by the ultraviolet sensor and infrared radiation sensor, and the relationship between the laser 
welding conditions and spectral line intensities from the plasma emission and IR emission was 
experimentally investigated. Kong et al.[10] monitored the dynamic behavior of the keyhole in laser 
welding by using a high speed CCD camera and a spectrometer. A green laser was used as an illumination 
source. Sibillano et al.[11] proposed the on-line-monitoring of the joint penetration depth which was 
based on the spectroscopic analysis of the optical emission collected from laser-metal interaction zone. 
Likewise, Bayle et al.[12] monitored the selective laser melting process by a high speed infra-red camera 
and a pyrometer. However, most of these papers about the monitoring of laser irradiated area dealt with 
the laser beam welding, and very few studies reported on the phenomena of the consolidation process 
during laser beam irradiation on the powdered surface.  
In this study, the melting process and solidifying process of ferrous based metal powder are monitored 
with high speed video camera in order to clarify the consolidation mechanism. The influences of layer 
thickness of the deposited powder on consolidation characteristics are investigated experimentally. 
2. Experimental setup and conditions 
Metal powder 
The specifications of metal powder are summarized in Table 1, and its SEM image is shown in Fig. 1. 
The metal powder used in the experiment was a mixture of 70% alloy steel powder (ISO: 42CrMo4), 20% 
copper phosphorous alloy powder (ASTM: C52100) and 10% nickel powder in weight. Each powder was 
prepared by the gas atomization method. The particle mean diameter of the powder mixture is 25 μm. As 
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the powder mixture was deposited on the substrate by gravity only, the bulk density of the powder bed 
was 4200 kg/m3 [13].  
Experimental conditions 
The experimental arrangement is schematically illustrated in Fig. 2, and the experimental conditions 
are summarized in Table 2. This equipment was a self-designed consolidated system and it was composed 
of a laser equipment (SUNX Ltd.: LP-F10), the consolidation facility of a metal powder and a high speed 
video camera. The laser beam used was a continuous Yb:fiber laser with a wavelength of 1070 nm and its 
 
Fig. 1.  SEM image of powder mixture used in the experiment 
 
Fig. 2.  Experimental arrangement for monitoring of the laser consolidation 
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Table 2. Experimental conditions 
  High speed video camera 㻃  
    Recording speed  [ fps ]   10,000 
    Sampling time  [ μs ]   10 
    Resolution  [ - ]   768 - 648 
    Light source   Metal halide lamp 
  Laser conditions  
    Wavelength  [ nm ]   1070 
    Power  [ W ]   40 
    Beam diameter at powdered surface   [ μm ]   45  ġķĵ 
    Scan speed  [ mm/s ]   1 - 50 
  Layer thickness  [ mm ]    0.05, 1 
 
laser power was kept constant to 40 W. The intensity of relative density of the laser beam radiated from 
the galvanometer mirror, which was measured by the beam profile system (OPHIR Corp.: Beam star FX-
50), formed a Gaussian shape and the focal diameter was =45 μm[13]. The laser beam was then 
irradiated to the powdered surface through a galvanometer mirror at an angle of 45° to the powdered 
surface, and scanned on it with a scan speed of 1-50 mm/s. Therefore, the beam diameter at the powdered 
surface in this experiment was 45 x 64 μm. In the electron probe microanalysis which was indicated by 
the author’s previous study, it was shown that the deposited powder on the substrate was melted with the 
heat generated by the laser irradiation and alloyed in the process of the solidification under the same 
condition and material. Therefore, this consolidation process is classified as “Full melting”[13].  
The substrate used was cold rolled steel (JIS: SPCC) with a thickness of 3.2 mm, and it was set on the 
precision stage for consolidation of metal powder. In order to improve the wetting property of the melted 
powder, the plate surface was processed by a sandblast which is #35 in average grain size. The surface 
roughness of the processed plate was Ra =3.5 μm[13]. The metal powder could be deposited on this 
substrate using a leveling blade with a minimum resolution of 1 μm. The thickness of the supplied 
powder to the surface on the substrate could be controlled by lowering the precision stage (consolidation) 
at the required thickness and increasing the precision stage (powder). As a result, the uniform thickness of 
powder distribution on the consolidation stage can be accomplished by using the leveling blade. In the 
experiment, the layer thickness of the deposited powder was 1 mm and 0.05 mm in order to investigate 
the influence of the substrate surface on the consolidation characteristics of the deposited powder. The 
vessel for consolidation was filled up with nitrogen so as to prevent oxidization of the metal powder 
during the laser irradiation.  
The high speed camera (Photron Ltd.: FASTCAM SA5 model 1300K C2) was vertically set above the 
powdered surface. Recording speed of the high speed video camera was 10,000 fps. As a light source, 
metal halide lamp was used. In order to monitor an aspect of consolidation of metal powder during the 
laser beam irradiation, the line consolidation of the deposited powder was observed. The influence of 
powder thickness on the consolidation characteristics was evaluated.  
764   Tatsuaki Furumoto et al. /  Physics Procedia  39 ( 2012 )  760 – 766 
 
3. Results and discussions 
Observation of powder consolidation during laser beam irradiation 
Fig. 3 shows the aspect of consolidation process on powdered surface during laser beam irradiation 
with time interval of 2 ms. Here, the layer thickness of deposited powder on the substrate was 1 mm. 
When the laser beam was irradiated to the powdered surface, the metal powder was heated and the molten 
area was circumferentially spread from the laser irradiation position. The molten area was then resulted in 
the solidifications of a few spherical shapes due to the surface tension of the molten powder[14]. When 
the laser beam was scanned on the powdered surface with a speed of 50 mm/s, the powder of newly 
heated area, which was obtained at the position of the progress direction of the laser beam irradiation, was 
drawn to the center of the laser irradiated area. The molten powder then became spherical in shape due to 
the surface tension of the molten powders at the center of laser irradiation area as shown in (b) and (c).  
Since the laser beam is scanned on the powdered surface and the molten area is formed in the scan 
direction of laser beam one after another, the molten spherical powder became large gradually, which is 
indicated in (d) and (e). When the scanned laser beam passed through the molten powder, the temperature 
of molten powder decreased and became lower than the melting point, and resulted in the solidification of 
molten powder. The heating of the metal powder by laser beam irradiation and the cooling after passing 
the laser beam was performed repeatedly according to the scan of laser beam. Accordingly, the 
consolidated spherical structure was dotted on the substrate, as depicted in (f), (g) and (h). The width of 
the spherical structure was quite larger than that of spot diameter of laser beam. Additionally, the molten 
powder was scattered to the circumferential direction from the laser irradiated area. This scattering of 
molten metal occurred when the metal powder was heated and the molten area was formed. 
 
(a) t =0 s;     (b) t =2 ms;   (c) t =4 ms;   (d) t =6 ms 
 
(e) t =6 ms;    (f) t =8 ms;   (g) t =10 ms;   (h) t =12 ms 
Fig. 3.  Consolidation process on powdered surface at the thickness of 1 mm 
Scan direction
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Influence of layer thickness on powder consolidation 
Fig. 4 shows the images of consolidated structure to investigate the influence of the thickness of the 
deposited powder on the consolidated characteristics with time interval of 200 ms. Here, the laser power 
was kept constant to 40 W and the scan speed of laser beam was 1 mm/s. When the thickness of deposited 
powder on the substrate was 50 μm, the width of the consolidated structure was quite large although the 
size of spherical molten powder during laser beam irradiation was small. This was induced by the 
difference of the wetting property to the substrate. The molten powder by the laser beam irradiation with 
a layer thickness of 50 μm was influenced of the adhesion force induced by the wetting properties in 
addition to the surface tension induced by the melting of the metal powder. In our previous study, it was 
shown that the width of the consolidated structure was influenced with the surface roughness on the 
substrate[15]. Therefore, the molten powder did not draw to the center of the laser irradiated area during 
the laser beam irradiation compared with the conditions of the layer thickness of 1 mm/s, and the width of 
the consolidated structure became large. Additionally, the time interval from the heating of deposited 
powder to the solidification of molten powder was short, and the heated and melted powder at the laser 
irradiation area was immediately solidified without any cohesion to the molten powder. Moreover, there 
was less scattering from the laser irradiation area, and the consolidated structure was continuously 
solidified on the substrate. 
4. Conclusions 
In this study, the melting process and solidifying process of ferrous based metal powder are monitored 
with high speed video camera in order to clarify the consolidation mechanism. The influences of layer 
thickness of the deposited powder on consolidation characteristics are investigated experimentally. The 
results obtained are as follows. 
(1) The aspect of consolidation process on powdered surface during laser beam irradiation was visualized 
with the high speed video camera.  
(2) The molten powder was scattered to the circumferential direction from the laser irradiated area, and it 
was occurred when the metal powder was heated and the molten area was formed. 
(3) The shape of consolidated structure was influenced with the adhesion force induced by the wetting 
properties in addition to the surface tension induced by the melting of the metal powder. 
 
(a) t =0 s;     (b) t =200 ms;   (c) t =400 ms;   (d) t =600 ms 
Fig. 4.  Influence of layer thickness on consolidation characteristics 
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